Cytochrome C is a mitochondrial protein that induces apoptosis when released into the cytosol or when added to cell-free extracts. Here we show that cells that overexpress the Bcl-2-related protein Bcl-x L fail to accumulate cytosolic cytochrome C or undergo apoptosis in response to genotoxic stress. Coimmunoprecipitation studies demonstrate that Bcl-x L associates with cytochrome C. Cytochrome C binds directly and specifically to Bcl-x L and not to the proapoptotic Bcl-x s protein. The results also demonstrate that Bcl-x s blocks binding of cytochrome C to Bcl-x L . Our findings support a role for Bcl-x L in protecting cells from apoptosis by inhibiting the availability of cytochrome C in the cytosol.
The cellular response to ionizing radiation (IR) and other genotoxic agents includes cell cycle arrest and activation of DNA repair. In the event of irreparable DNA damage, cells respond with induction of apoptosis; however, the intracellular signals that control the induction of apoptosis are unclear. Whereas p53 has been implicated in promoting apoptosis induced by IR exposure (1, 2) , other studies have demonstrated that Bcl-2 and Bcl-x L inhibit IR-induced apoptosis (3) (4) (5) . The induction of apoptosis by diverse stimuli, including IR, is associated with activation of aspartate-specific cysteine proteases (caspases) (6) and cleavage of poly(ADP ribose) polymerase (PARP) (7) , protein kinase C ␦ (8), and other proteins. The finding that cleavage of PARP and protein kinase C ␦ is blocked by Bcl-x L has suggested that the Bcl-2-related family of anti-apoptotic proteins functions upstream to the activation of caspases (8) (9) (10) . More direct evidence for involvement of caspases in apoptosis is derived from studies with the baculovirus protein p35, which directly inhibits cysteine proteases and blocks induction of apoptosis (10, 11) .
Recent work has suggested that mitochondria may play a role in inducing apoptosis by releasing cytochrome C (12) . Addition of cytochrome C and dATP to cytosolic preparations from growing cells activates caspases, such as CPP32 (12) , responsible for cleavage of PARP and protein kinase C ␦ (13-15). Cytochrome C also induces DNA fragmentation in isolated nuclei incubated with cytosolic lysates (12) . The finding that intact cells undergo apoptosis after release of cytochrome C into the cytosol has provided further support for an apoptotic function of this mitochondrial protein (12) . Cytochrome C is localized to the intermembrane space and to the surface of the inner mitochondrial membrane (16) . The demonstration that the anti-apoptotic Bcl-2 family of proteins is expressed in the mitochondrial membrane also has implicated mitochondria in the induction of apoptosis (17, 18) . These findings, taken together, have suggested that Bcl-2-related proteins may regulate apoptosis by controlling cytochrome C release into the cytosol.
The present studies demonstrate that the Bcl-x L protein blocks IR-induced release of cytochrome C. Similar results have been obtained with other genotoxic agents. The results also demonstrate that cytochrome C binds directly to Bcl-x L and not to the proapoptotic short Bcl-x S form.
METHODS
Cell Culture and Reagents. Human U-937, U-937͞Bcl-x L , and U-937͞p35 (10) myeloid leukemia cells were grown in RPMI 1640 medium supplemented with 10% heat-inactivated fetal bovine serum, 100 units͞ml penicillin, 100 g͞ml streptomycin, and 2 mM L-glutamine. Irradiation was performed with a ␥-ray source (Cesium 173, Gamma Cell 1000, Atomic Energy of Canada, Ontario) at a fixed dose rate of 13 Gy͞min. Cells also were treated with 50 M cisplatinum (CDDP) (Sigma) or with 1 mM methyl methanesulfonate (Sigma).
Isolation of the Cytosolic Fraction. Cells were washed twice with PBS, and the pellet was suspended in 5 ml of ice cold buffer A (20 mM Hepes, pH 7.5͞1.5 mM MgCl 2 ͞10 mM KCl͞1 mM EDTA͞1 mM EGTA͞1 mM DTT͞0.1 mM phenylmethylsulfonyl fluoride͞10 g͞ml leupeptin, aprotinin, and pepstatin A) containing 250 mM sucrose. The cells were homogenized by douncing three times in a Dounce homogenizer with a sandpaper-polished pestle. After centrifugation for 5 min at 4°C, the supernatants were centrifuged at 105,000 ϫ g for 30 min at 4°C. The resulting supernatant was used as the soluble cytosolic fraction.
Immunoprecipitation and Immunoblot Analysis. Cell lysates were prepared as described (19) . Immunoprecipitations were performed using anti-Bcl-x (Novartis, NJ) or anticytochrome C antibodies (20) . Proteins were separated by SDS͞PAGE, transferred to nitrocellulose, and probed with the indicated antibodies. The blots were developed by enhanced chemiluminescence (Amersham). Preparation of lysates and immunoblotting for PARP were carried out as described using the c-2-10 anti-PARP mAb (21) .
Immunoelectron Microscopy on Frozen Cell Sections. U-937 cells were resuspended in Tyrode buffer (pH 7.4) and fixed in 8% paraformaldehyde in phosphate buffer as described (22) . The cells were then incubated with 20% poly(vinyl pyrrolidone) in 1.84 M sucrose, mounted on aluminum pins, and stored in liquid nitrogen until sectioned using the method of Stenberg et al. (23) . Frozen thin sections were incubated with primary antibodies (anti-Bcl-x or anticytochrome C) followed by protein A or goat anti-rabbit IgG conjugated to 14 nm of gold particles. Parallel control samples included substitution of buffer or nonimmune serum for the primary antibody. After labeling, the sections were stained with poly(vinyl alcohol) and uranyl acetate. Sections were examined using transmission electron microscopy.
Generation of H 6 -Bcl-x LT and Bcl-x ST Proteins. Full length Bcl-x L or Bcl-x S were cloned from a cDNA library of human Raji lymphoma cells (CLONTECH) using the PCR primers: 5Ј primer: 5Ј-GGAATTCATATGTCTCAGAGCAACCG-3Ј; 3Ј primer: 5Ј-AGAATTCATTCATTTCCGACTGAAGAG-3Ј. After cloning into TA vector (Invitrogen), inserts were subcloned into the EcoRI site of pProEX (GIBCO͞BRL) to generate His-tagged fusion constructs or pGEX-3T to generate glutathione S-transferase (GST) fusion proteins. Truncated Bcl-x proteins lacking 21 amino acids from the C terminus (Bcl-x LT or Bcl-x ST ) were generated by PCR cloning using the 5Ј primer described above and the 3Ј primer 5Ј-ATCGA AT TCATCAGCGGT TGA AGCGT TCC-3Ј. All other cloning steps to generate truncated proteins were performed as described for full length proteins. GST-Bcl-x ST was cleaved with thrombin to generate Bcl-x ST . Folding and protein solubility were verified by circular dichroism and dynamic light scattering measurements. Fusion proteins were expressed as soluble proteins in Escherichia coli and were purified as described (24) .
Far Western Analysis. Column-purified H 6 -Bcl-x LT , Bcl-x ST , or H 6 proteins were resolved by SDS͞PAGE and transferred to a nitrocellulose filter. Purified MAPK protein was used as a negative control. The filter was incubated with purified cytochrome C (bovine heart cytochrome C; Sigma) for 1 h at room temperature. The filters were then analyzed by immunoblotting with anti-cytochrome C. In separate experiments, purified cytochrome C was separated by SDS͞PAGE and transferred to three nitrocellulose filters. The filters were incubated with purified, eluted H 6 , H 6 -Bcl-x LT , or Bcl-x ST for 1 h at room temperature. The filters were then analyzed by immunoblotting with anti-Bcl-x.
ELISA Immunoassay. Cytochrome C was adsorbed onto the plastic surface of a 96-well ELISA plate, followed by addition of blocking buffer (Superblock, Pierce) to reduce nonspecific binding. GST, GST-Bcl-x LT , or GST-Bcl-x ST in Tris-buffered saline containing 5% BSA and 0.5% Nonidet P-40 was added to the wells. After incubation for 2 h at room temperature, the plates were washed and incubated with rabbit anti-GST, followed by washing and incubation with alkaline phosphataseconjugated anti-rabbit antibody. The plates were developed using a fluorogenic substrate and reactivity determined by measurement of fluorescence.
RESULTS AND DISCUSSION
U-937 cells were exposed to 20 Gy IR to determine whether cytosolic cytochrome C levels change with induction of apoptosis. Cytochrome C levels were increased in the cytosol at 3 and 6 h after irradiation (Fig. 1A) . These cells also responded to IR with (i) cleavage of PARP into characteristic apoptotic fragments (7, 25) (Fig. 1 A) and (ii) induction of internucleosomal DNA fragmentation (5). Similar results were obtained with other inducers of apoptosis, including CDDP (Fig. 1B) and methyl methanesulfonate (Fig. 1C) . Electron microscopic studies performed with anti-cytochrome C antibodies demonstrated ImmunoGold labeling of mitochondria from control cells whereas mitochondrial cytochrome C was depleted after exposure to IR (Fig. 1D) . These results support a mechanism in which release of mitochondrial cytochrome C into the cytoplasm occurs in concert with induction of apoptosis.
U-937 cells that stably overexpress Bcl-x L (U-937͞Bcl-x L ) are resistant to radiation-induced internucleosomal DNA fragmentation (5). Bcl-x L expression also prevented accumulation of cytosolic cytochrome C in response to IR or CDDP treatment ( Fig. 2A) . Moreover, IR-treated U-937͞Bcl-x L cells failed to exhibit PARP cleavage (Fig. 2B) . The finding that Bcl-x L blocks accumulation of cytosolic cytochrome C and cleavage of PARP raised the possibility that cytochrome C may function upstream of the activation of cysteine proteases. To address this issue, we irradiated U-937 cells that stably overexpress the cysteine protease inhibitor p35 (11, 26) . Overexpression of p35 had no detectable effect on accumulation of cytosolic cytochrome C but blocked cleavage of PARP ( mitochondria in response to apoptotic stimuli is upstream to activation of cysteine proteases.
Bcl-x L blocks the increase of cytosolic cytochrome C, so we performed coimmunoprecipitation studies to determine whether these proteins form a specific complex in cells. Lysates from control and irradiated U-937͞Bcl-x L cells were subjected to immunoprecipitation with anti-cytochrome C. Analysis of the immunoprecipitates with anti-Bcl-x demonstrated reactivity with Bcl-x L (but not Bcl-x S ) that was independent of IR exposure (Fig. 3A) . The demonstration that Bcl-x L associates with cytochrome C is in concert with the finding that Bcl-x protein is detectable within mitochondria (Fig. 3B ).
To further demonstrate that Bcl-x L interacts directly and specifically with cytochrome C, recombinant hexa-His(H 6 )-
FIG. 3. Bcl-xL binds directly to cytochrome C in vivo. (A) U-937͞
Bcl-xL cells were treated with 20 Gy of IR and harvested at 6 h. Total cell lysates were subjected to immunoprecipitation with anticytochrome C, and the protein precipitates were analyzed by immunoblotting with anti-Bcl-x. As a control, cell lysate was directly analyzed by immunoblotting with anti-Bcl-x to identify the Bcl-xL and Bcl-xS forms. anti-cyto C, anti-cytochrome C. (B) U-937 cells were fixed in 8% paraformaldehyde and prepared for frozen thin-section immunocytochemistry. Sections were incubated with anti-Bcl-x antibodies followed by goat anti-rabbit IgG conjugated to 14 nm of gold particles.
FIG. 4. (A)
Column-purified H6-Bcl-xL (lanes: 1, 5 g; 2, 2.5 g) and Bcl-xST (lane 3, 5 g) proteins were resolved by SDS͞PAGE and transferred to a nitrocellulose filter. Purified MAPK protein was used as a negative control (lane 4). The filter was incubated with purified cytochrome C (bovine heart cytochrome C) for 1 h at room temperature. The filters then were analyzed by immunoblotting with anticytochrome C. (B) Purified cytochrome C was separated by SDS͞ PAGE and transferred to three nitrocellulose filters. The filters were incubated with purified, eluted H6, H6-Bcl-xLT. or Bcl-xST for 1 h at room temperature. The filters then were analyzed by immunoblotting with anti-Bcl-x. (C) Cytochrome C was adsorbed onto the plastic surface of a 96-well ELISA plate. Various concentrations of GST (å), GST-Bcl-xLT (Ç), or GST-Bcl-xST (s) were added to the wells. Binding of Bcl-x to cytochrome C was measured by ELISA immunoassay. (D) Cytochrome C adsorbed to plates was incubated with 1 g͞ml GST, 1 g͞ml GST-Bcl-xLT, 5 g͞ml GST-Bcl-xST, or a mixture of 1 g͞ml GST-Bcl-xLT and 5 g͞ml GST-Bcl-xST. Binding of Bcl-x was assessed by ELISA. Hatched bars represent controls with no cytochrome C. Solid bars represent assays performed in the presence of cytochrome C.
Bcl-x LT was resolved by gel electrophoresis, transferred to a nitrocellulose filter, and renatured in aqueous buffer. After incubation with purified cytochrome C, the filter was washed and probed with anti-cytochrome C. Reactivity with anticytochrome C at the position corresponding to Bcl-x L demonstrated a direct interaction between cytochrome C and Bcl-x L (Fig. 4A) . By contrast, there was no detectable binding of cytochrome C to Bcl-x ST or MAPK (Fig. 4A) . The absence of reactivity with Bcl-x S or MAPK indicated that binding of cytochrome C to Bcl-x L is specific. Purified cytochrome C also was resolved by electrophoresis and transferred to nitrocellulose filters, which were then incubated with purified H 6 , H 6 -Bcl-x LT , or Bcl-x ST proteins and analyzed by immunoblotting with anti-Bcl-x. Only the blot incubated with H 6 -Bcl-x LT showed reactivity with cytochrome C (Fig. 4B) . Similar results were obtained by an ELISA in which purified cytochrome C adsorbed to wells was incubated with GST, GST-Bcl-x LT , or GST-Bcl-x ST . After development with a fluorogenic substrate, only incubations containing GST-Bcl-x L produced a fluorescent product (Fig. 4C) . Our results supported binding of cytochrome C to Bcl-x L but not Bcl-x S , so we asked whether Bcl-x S , which can form a complex with Bcl-x L , blocks the interaction between cytochrome C and Bcl-x L . The results demonstrate that addition of excess Bcl-x S inhibits binding of cytochrome C to Bcl-x L (Fig. 4D ). These findings with recombinant proteins confirm that the binding between cytochrome C and Bcl-x L found by coimmunoprecipitation of cellular lysates is due to a specific interaction that can be blocked by Bcl-x S .
Bcl-x L inhibits apoptosis induced by diverse stimuli although the basis for this effect has been unclear (5, (27) (28) (29) . Recent studies have shown that cytochrome C is released from mitochondria during the induction of apoptosis (12) . Our studies demonstrate that Bcl-x L blocks the increase in cytosolic cytochrome C accumulation associated with induction of apoptosis by IR and genotoxic drugs. Moreover, our results show that the interaction is specific for Bcl-x L and not the proapoptotic Bcl-x S protein. Bcl-x L is predominantly localized to the mitochondrial membrane (18) . The crystal structure of Bcl-x L supports an arrangement of ␣-helices that is found in the membrane translocation domains of bacterial toxins (30, 31) . Bcl-x L domains that extend across the mitochondrial membrane may contribute to the interaction with cytochrome C. Taken together, our findings support a model in which release of cytochrome C from mitochondria during induction of apoptosis can be prevented by Bcl-x L .
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